1 Abstract-Time reversal (TR) beamforming, considered as one of most prominent linear precoders, has showed the feasibility in conventional communications. In this paper, we propose the TR-based transmit optimization for heterogeneous networks (HetNets) where multiple femtocells apply TR precoders over frequency selective channels, with the signal-to-inference-plus-noise ratio (SINR) and interference constraints at single-antenna femtocell user devices. In multi-femtocell network environments, we exhibit that TR outperforms the well-known zero-forcing beamforming. Particularly, we focus on the practical case of imperfect channel estimation at femtocell base stations. The robust optimization methodology is hence devised by taking into account the average effect of channel estimation error (CEE) on system performance. Under the assumption of estimation error in time-varying channels, we derive the exact closed-form expressions of the desired signal, inter-symbol interference (ISI), inter-user interference (IUI), co-and cross-layer interference terms, respectively. These derivations allow us to tackle the proposed robust algorithm by convex optimization techniques. In final, numerical results are shown to confirm the validation of our proposal.
I. INTRODUCTION
The growths of energy demand and restricting electromagnetic pollution lead to the motivations of green communications [1] - [3] . In [1] , the authors indicated that the number of base stations (BSs) is more than 4 million and each BS consumes an average of 25 MWh per year (approximately 57 percent of total consumption of cellular network). Bearing in mind the environmental aspect, this causes a large amount of carbon footprint of operation in cellular networks. Otherwise, in 3GPP long-term evolution-advanced (LTE-A), the carrier aggregation technique now can provide a maximum bandwidth of 100 MHz [4] . With a much wider Manuscript received December 8, 2014 ; accepted March 19, 2015. This research is supported by National Research Foundation of Korea, under Grant number: 22A20130000091. bandwidth, the transmission also naturally suffers from the frequency-selective propagation effects. To deal with ISI and minimizing transmit power problems, previous works [5] , [6] provided transmit beamforming algorithms under assumptions of receivers equipped appropriate equalizers and multiple antennas. Nevertheless, the high cost and complex equipment are non-preferred.
TR technique [7] , [8] , which possesses the focalization characteristic that is equivalent to the diversity gain, can provide the solution for mentioned problems. Evaluated as one of most prominent linear precoders, TR has been employed in many applications such as green communication, ultra-wideband (UWB) and large-scale antenna systems [3] , [7] - [16] . By utilizing the joint time-reversed and conjugated form of channel impulse response (CIR) for prefiltering transmit signals to exploit multipath fading effects, the most signal energy of all paths is focused in the time and space domains at the receiver side. While UWB well matches TR because of the very high resolution in the channel estimation, it is more difficult to attain the accurate CIR in conventional bandwidth systems. The low resolution of channel estimation may induce the scaling down of focusing property, and the validation of employing TR in the conventional transmission should be evaluated. A measurement-based investigation on TR was carried out with 10 MHz bandwidth centred at 2.14 GHz which is comparable to the standard of 3G WCDMA systems in [15] . Its results reveal the potential capabilities of temporal and spatial focusing property. Moreover, the experimental results in [16] have confirmed the validity of TR properties (i.e. focusing gain and increased average received power) in conventional bandwidths. The feasibility of TR applications in 3GPP LTE-A coordinated multi-point networks was also mentioned in [7] . Therefore, these experimental and theoretical evidences imply the potential of TR in the broadband HetNet communications.
A number of recent works have addressed the designs of TR-based beamformer [8] - [13] . An earlier paper of research [8] showed SINR analysis in term of conventional TR prefilter over the channel model with exponential power Robust Time Reversal-based Transmit Optimization for Green Heterogeneous Networks decay. M. Yoon et al. [11] establishes an optimization problem for combining TR beamformer and the minimum inter-symbol interference (MISI) prefilter to improve bit error rate (BER) performance. In the work [11] , the authors have presented the optimal TR waveform, and the power loading policy is studied with the weighted sum-rate optimization problem for multi-user networks. In fact, most of previous works have been mainly carried out under perfect channel estimation. There have been no prior works on joint TR beamforming and power allocation with CEE for TR multi-user networks, whereas the effect of CEE on TR-based system performance is a greatly desirable problem [7] , [13] .
In this study, we speculate on the HetNet consisting of a macrocell base station (MBS), K femtocell stations (FBSs) and their users equipped a single tap diversity combiner. We are interested in proposing the conventional TR prefilter in term of transmit optimization for multi-femtocell network and then compare TR to zero-forcing beamforming. Moreover, we develop a novel robust optimization methodology for TR-based systems when the estimated channel may not be accurate due to the insufficient time and bandwidth over fast fading environments practically. Although the robust downlink beamforming designs under channel state information (CSI) errors have received desirable attention especially with the worst possible error case [17] - [18] , this approach frequently leads to be pessimistic. Instead of analyzing the worst case optimization design, we show a more realistic methodology to guarantee the user experience by taking into account the average effects of CEE. The main challenge lies in the achieving of the closed-form expressions of the desired signal, ISI, IUI, co-and cross-layer interference terms under CEE effects over time-varying channels, while the prior analysis [8] is invalid. Based on derived analysis, we tackle the proposed robust algorithm by convex optimization technique. In final, the outperformance of TR reveals it in a more promising candidate than zero-forcing beamformer for green two-tier HetNets. And the effectiveness of our robust methodology is deliberated with Monte-Carlo simulation.
II.SYSTEM DESCRIPTION
We consider a two-tier HetNet system that includes one MBS and K TR-employed FBSs where MBS serves N0 macrocell users (MUs) and the k-th FBS communicates Nk femtocell users (FUs) through a shared spectrum during transmission of MBS and FBSs. We suppose that user devices are equipped with one antenna and a single tap diversity combiner. An illustration of the network model is depicted in Fig. 1 . For convenient notation, we denote the MBS as BS 0 and the k-th FBS as BS k ( 1) k  respectively, and Mk antennas is equipped at BS k. In the multi-path channel model, the maximum length of each channel impulse response is equal to 
In communication systems, the designed precoder can be decomposed into the emitted energy and phase rotation components. Considering the cases of frequency selective fading channel, the power allocation and beamforming algorithm can be separated into distinct processes. Thereupon, the transmit signals at the k-th FBS forwarding to its the j-th FU can be written by
where k j s is the conveyed signal intended to its j-th FU from the k-th FBS, [ ] 
Based on the representation of convolution in Toeplitz matrix form, the received signal at the j-th FU of the k-th FBS can be expressed as below 0 0 0 0 0
where F n is Gaussian noise, the first term is the obtained signal for the j-th FU, the second term is interference in a same femtocell, the third term is co-tier interference caused by other femtocells and the fourth term is the cross-tier
u which is beamforming vector for the n-th MU at the m-th antenna of MBS. Then the SINR at the j-th FU belonging to the k-th FBS can be calculated in (4) 
III. NON-ROBUST AND ROBUST OPTIMIZATION PROBLEMS
FOR TR FEMTOCELL NETWORKS In this section, the distributed power loading strategy, in which each FBS only requires the local CSI and some of needed CSI from other BSs, is implemented. Since BSs are connected each other via backhaul connections, we suppose that each BS computes the interference power which it causes to neighbor MUs/FUs based on its current CSI, beamforming and power allocation vector, and then forwards this information to concerning BSs. In other words, each femtocell can know ( 2) k j co P and (
. Otherwise, the main victims of cross-tier interference are MUs because of sharing frequency spectrum between femtocell and macrocell networks, nevertheless, they have a strictly greater priority than FUs. To be specific for MUs's priority, femtocells therefore allocate the radiated power with the cross-tier interference constraint for MUs whereas the objective function aims at minimizing the total interference. With the perfect channel estimation, the downlink power control problem can be constituted with the tolerable level of cross-interference per each user 
In general, the optimization design with SINR and interference constraints is the well-known non-convex formulation [5] , [17] , [19] . Because the beamformer has been determined by TR waveform, the problem (5) becomes convex second order cone program (SOCP) and it can be conveniently solved by convex optimization algorithms [20] .
In reality, the focalization property of TR, which directly relates to system performance, decreases in case of CEE existence [7] . This practical case is specifically studied by making allowance for uncertainty errors in estimated femtocell channels and the imperfect CIR model is referred aŝ 
where   
andˆk r ij g , the imperfect beamforming vector, is presented as
.
In practice, the information of estimated channel is stored and further updated at femtocells. At a time instant, the value ofˆk r ij h is treated as a constant vector while kr ij h is unknown.
By taking into account the average effects of CEE, the robust optimization methodology to guarantee QoS requirement is devised as 0 2 2 (10) where   denotes briefly for the expectation on the channel variables. In fact, the above problem is intractable because we have no closed-form derivations of objective function as well as constraints. To make problem (10) solvable, the analysis for the objective function as well as the left-side part of constraints need to be derived. Nevertheless, it is very difficult (if not impossible) to obtain directly the exact expectation of SINR, we can well approximate it by computing the expression as in [8]   , 1
Theorem 1: Following given assumptions of error model, the closed-form expressions of objective function as well as the left-side part of constraints in optimization problem (10) can be given by:
where
Proof: First of all, we consider ( )
is evaluated as the signal component. Thanks to TR, the difference between the main tap and the other taps is enhanced. However, the CEE effect induces a reduction on focusing property of central tap and its expectation is then analysed as follows
We separate the right-side into two components. To solve the first term of the left-side, we focus on (19) in which, we obtain results after algebraic derivations that
1 ,
and
Continuously, the second term of the left-side of (18) can be expressed as
Based on (12)- (17), we can predict the instantaneous SINR performance under the average effect of CEE. The validity of our analyses is justified by Monte-Carlo simulations in the numerical result section.
In light of Theorem 1, we therefore relax the problem (10) into the robust optimization problem described as below
. Thus, the challenge is now overcome and the optimal solution can be obtained by CVX or SeDuMi solvers [20] .
IV. NUMERICAL RESULTS
In order to assess the performance of our proposal, Monte Carlo simulation is carried out. In our model, we assume that the coverage radius of MBS and each FBS are 200 m and 10 m, respectively. FBSs are uniformly located in a circle of 100 m far from MBS, and MUs and FUs are uniformly located in the served area. The simulation is implemented in the ITU-R channel standard [21] . We set First of all, under perfect channel estimation, we compare TR beamforming to the well-known zero-forcing scheme in multi-femtocell environments by problem (5) to show the effectiveness of our proposal. The zero-forcing waveform can be achieved by utilizing the manner similar to [9] , [10] , however, multiple transmit antennas and multiple users should be taken into account extensively. From Fig. 2 , we can observe that the TR-applied system can save approximately a maximal power of 5 dBm and 4.5 dBm compared to zero-forcing beamforming when 1 and 2 femtocells are considered, respectively. In turn, the beamforming scheme of zero-forcing outperforms that of TR at a SNR region which is larger than 1.8 dB. Nevertheless, the radiated power of FBS is limited up to 20 dBm in femtocell environments [2] . It means that TR beamforming technique can be evaluated as a more promising candidate than the very prominent zero-forcing for the future green HetNet. In the next, we verify the validations of Theorem 1 in Fig. 3 . Because the accuracy of (16) can be checked by evaluating the IUI component only, the analyses of Theorem 1 are then jointly considered through SINR, nevertheless, without the co-and cross-layer interference components for conveniences. From the observations, we can see the well-agreement is achieved between the simulation and analytical results. Fig. 3 also indicates that the SINR performance scales down as a function of k  due to the loss of focalization. Following this theorem, we can predict the average effects of CEE on the system performance at a time instant. Figure 4 indicates the probability distribution of achievable SINR per an FU obtained by non-robust and robust design, in which we use 100000 randomly generated realizations for the simulation. Note that the non-robust design is strictly similar to problem (5), however, the notation of perfect values are appropriately replaced by estimated values. By a simple calculation of outage probability, it can be evaluated that our robust design can reduce significantly the outage probability from 96.43 % to 45.89% by accounting the expectation of CEE effects in case of 0.8
. For the probability distribution of proposed robust methodology, we might see the mean position is located nearly the preset threshold. It can be explained that the methodology allocates the power based on the average effects of CEE and then the outage probability is improved up to 50 % roughly. Moreover, as a reference, we plot the average transmit power of non-robust and robust manner in Fig. 5 to exhibit how much additional power which is required to achieve the outage probability characterization.
V.CONCLUSIONS
This paper has proved for our proposal that TR technique conclusively comports with HetNet environments where multiple femtocells are employed. Specifically, at working point of femtocell networks, TR reveals a desirable outperformance compared to zero-forcing beamforming technique. In the next, by taking into account CEE, we propose the novel robust optimization methodology to ensure the user experience under the imperfect CSI supposition. To tackle the robust problem, the closed-form SINR expression under the effects of time-varying channels needs to be derived. By overcoming this challenge, the robust problem is relaxed into a solvable convex optimization one. The simulation results depict that the proposed methodology significantly degrades the outage probability when CEE occurs. Thus, the outperformance of TR femtocell systems in two-tier HetNet exhibits that the mobile devices may obtain a very high multi-path diversity gain in saving power without any hardware upgrades at user devices. These delightful outcomes reveal the proposals in a bright approach.
